Atomic-scale insights into catalytic nanomaterials are critical for exploring the catalytic mechanism and the structure-property relationships. Detailed site-specific information about the structure and stability of nanocatalysts at atomic resolution, obtained by advanced transmission electron microscopy is an essential complement to other characterization techniques (e.g., x-ray photoelectron spectroscopy, x-ray absorption fine structure spectroscopy, et al.), which offer averaged information over larger length scales. In this talk, we present our TEM studies of various catalyst systems to highlight the advantages of TEM on catalysis research: (1) experimental and theoretical understanding of the anchoring site of single atom catalysts; (2) dynamic phase transformation from Pt precursor to Pt nanoclusters by low dose imaging; (3) observation of the growth of Pt-Ni nanoparticle under real gaseous environment.
Distinguishing single metal atoms in Z-contrast STEM images is crucial to identifying the location of catalytically active single atoms and their chemical bonding with oxide supports in single atom catalysts (SAC). However, this process becomes challenging when the atomic number difference between active atom and metal atom in the oxide support is small. The quantitative verification of single metal atoms depends on local thickness of the oxide support. Combining STEM image simulation with local thickness measurement, we are able to quantitatively identify active single metal atoms on various oxide supports. For the Ir/Fe2O3 system (ZIr=77, ZFe=26), the single Ir atom can be recognized when the thickness of Fe2O3 is less than 7 nm, indicating that single Ir atoms can be easily observed at the edge of the support [1]. However, for Ir/WO3 (ZIr=77, ZW=74), the threshold thickness of WO3 is dramatically reduced to 1 nm. In practice, we first performed low-loss EELS and convergent beam electron diffraction pattern to seek a region with thickness less than 1 nm, and then acquired the STEM image as shown in Fig. 1a . The Ir atom exhibits 40% higher intensity than surrounding atomic columns in Fig. 1d , which is consistent with simulation results (Fig. 1c ). The anchoring structure of Ir/WO3 is shown in Fig.  1b , based on the STEM imaging analysis [2].
In addition, atomic-scale information about the kinetic growth of catalytic nanomaterials is critical for insights into growth mechanism and optimization of the synthesis process. Using state-of-the-art advanced electron microscopy and a direct electron detector, we achieved atomic resolution imaging of a Pt precursor compound and revealed the dynamics of its transformation into Pt nanoclusters [3] . Specifically, under an ultra-low electron dose in a double aberration corrected transmission electron microscope, the atomic structure of pristine K2PtCl4 crystallites was resolved by the CMOS-based direct electron detector. Then, the electron beam-induced dynamics of staged reduction of the Pt compound and subsequent nucleation of Pt clusters was revealed. Results show that the ionic bond between K + and PtCl4 2is first broken, which is followed by [PtCl4] 2forming PtCl2; reduction of the dual-valent Pt then leads to the formation of Pt clusters. The entire solid state transition was thus deciphered in real time and real space. Furthermore, we utilized in situ atmospheric TEM to monitor the growth of octahedral Pt3Ni nanocatalysts under high purity H2/CO gas (1.0 bar, H2: 4%, CO: 96%), in which H2 acts as a reductant and CO acts as a capping agent for morphology control [4] . The sphere-like nucleus appeared from the reduction of the precursor containing 70 wt% of Pt(acac)2 and 30 wt% of Ni(acac)2 during the early growing stage. Then, facet formation and distinct lattice fringes were observed to evolve when the particle size slightly exceeded 1 nm. Due to the distinct d-spacing, {001} and {111} facets were differentiated in the atomic-scale STEM images (Fig. 2) , and the {111} facets exhibited a significantly slower growth rate compared with the {001} under the reaction condition, which was evidenced by a smaller number of atomic layers along the <111> direction than along the <001> one [5] . 
